Purpose: The aim of this study was to evaluate the efficacy of radiofrequency (RF) ablation for benign thyroid nodules and assess the usefulness of internal factors (ultrasonographic findings) and external factors (treatment-related findings) in prediction of treatment efficacy. Methods: We evaluated 22 benign thyroid nodules from 19 patients treated with RF ablation between March 2010 and January 2013. The internal and external factors of these nodules were retrospectively reviewed and correlated with the therapeutic success and the volume reduction ratio (VRR). The volume and size of the nodules were determined before treatment, and the VRR was calculated at 6-month and 1-year follow-up examinations after RF ablation. Therapeutic success was defined as a >50% volume reduction. Results: The mean VRRs were 66.1±18.7% at 6 months and 74.3±16.7% at 1 year. The therapeutic success rate after 6 months and 1 year was 81.8% and 90.9%, respectively. At the 1-year follow-up, the margin of the nodule correlated with therapeutic success. Most of the successfully ablated nodules showed well-defined margins on initial ultrasonography (18/20, 90%) (P=0.026). In addition, nodules with ill-defined margins showed a tendency toward having a low VRR at the 6-month and 1-year follow-up examinations. Conclusion: RF ablation was effective in decreasing the volume of benign thyroid nodules. Thyroid nodules with well-defined margins tended to show successful outcomes at the 1-year follow-up examination after RF ablation.
Introduction
Radiofrequency (RF) ablation is a minimally invasive technique that has been frequently used to treat hepatic malignancy [1] [2] [3] . It may serve as an alternative to surgery for the management of benign thyroid nodules that cause symptoms and cosmetic problems, and many studies have reported the efficacy and safety of RF ablation in such cases [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Kim et al. [4] reported the initial findings obtained with RF ablation for benign thyroid nodules, and showed that the volume reduction ratio (VRR) at the last follow-up (range, 9 to 18.5 months) was 88%. Mid-to long-term follow-up results have also been reported recently. Spiezia et al. [10] demonstrated a VRR of 79.4% at 2 years after RF ablation, and Lim et al. [11] found a VRR of 93.5% at 49 months after the procedure. Many other studies have determined the improvement in patients' symptomatic and cosmetic scores after RF ablation and reported low complication rates after the procedure [4] [5] [6] [7] [8] [9] [10] [11] 14, 15] .
Although RF ablation has been used for the successful management of benign thyroid nodules, there have been, to our knowledge, few studies on the factors that affect the results of RF ablation. Jeong et al. [5] found that mainly cystic nodules decreased rapidly in volume at 1 and 3 months after RF ablation; therefore, the composition of the nodule might be correlated with treatment response. In another recent study, the authors demonstrated that the initial volume and solidity of the nodule were independent predictive factors for the efficacy of RF ablation [11] . While there have been a few studies reporting variations in ultrasonographic findings that could potentially predict the treatment efficacy of RF ablation, there have thus far been no proven predictors on ultrasonography (US) reported in the literature.
Therefore, we aimed to assess the efficacy of RF ablation for benign thyroid nodules and evaluate the usefulness of internal factors (ultrasonographic findings) and external factors (treatmentrelated findings) in predicting treatment efficacy.
Materials and Methods

Patients
This retrospective study received the appropriate Institutional Review Board approval from our institution. Informed consent was obtained from all patients undergoing US-guided fine-needle aspiration biopsy (FNAB) and RF ablation. Between March 2010 and January 2013, 34 benign thyroid nodules in 29 euthyroid patients treated with US-guided RF ablation were consecutively enrolled. Inclusion criteria of the study were as follows: presence of cosmetic or symptomatic problems; benign cytological results in two separate US-guided FNAB procedures [16, 17] ; US imaging findings without malignant suspicious features; and refusal to undergo surgery or poor surgical compliance [15] .
Out of the original sample, 22 nodules were finally included in this study, from 19 patients (1 man, 18 women) who participated in a follow-up period of more than 1 year. The mean patient age was 44.5 years (range, 27 to 78 years). There were 16 cases of nodular hyperplasia, five cases involving benign follicular nodules, and one case of lymphocytic thyroiditis. Laboratory studies, including a thyroid function test (thyroid-stimulating hormone, triiodothyroxine, free thyroxine), complete blood count, and a blood coagulation test (prothrombin time, activated partial thromboplastin time) were performed and the values were within normal range in all patients.
US and US-Guided RF Ablation
Real-time thyroid US was performed by one of two radiologists with 8 years of thyroid imaging experience, respectively; the procedure was performed using high-resolution (12-or 17-MHz electronically focused linear-array transducer) US equipment (IU 22, Philips Ultrasound, Bothell, WA, USA). Three orthogonal diameters of the nodules (the largest diameter and two other perpendicular diameters) were measured by US before the procedure. The volume of the nodules was calculated using the following equation: V=πabc/6 (where V is the volume; a, the largest diameter, and b and c, the other two perpendicular diameters) [5] . The vascularity of the nodules on color Doppler images was visually assessed by an examiner, and was classified as internal vascularity, marginal vascularity, or no vascularity.
US-guided RF ablation was performed by the same radiologist who performed the US assessment. The radiologist determined the approach route for the electrode under US guidance. The procedure was performed with a RF generator (Cool-tip RF systems, Radionics, Valleylab, Boulder, CO, USA) and 18-gauge, 1-or 0.7-cm active tip, internally cooled electrodes (Covidien, Taewoong Medical, Gimpo, Korea). For local anesthesia, the patients were treated with 2% lidocaine at the puncture site. We used the trans-isthmic approach and moving shot technique under US guidance [5, 8, 15, 18] . To prevent complications during the procedure, we carefully observed the adjacent structures, including nerves and vessels [19] . Ablation was performed with 30-50 W of RF power. An electrode was inserted into the nodule using the trans-isthmic approach. Initially, the electrode tip was positioned in the deepest and farthest area of the nodule, and a transient hyperechoic zone appeared at the periphery of the nodule within 5-10 seconds of turning on the RF power. If the patient complained of pain during the procedure, the RF power was reduced or turned off for several seconds. The procedure was terminated when the entire visualized area of the nodule had become a transient hyperechoic zone. Complications during and after the RF ablation procedure were checked according to the clinical symptoms and US findings (pain/voice change/ hematoma/skin burn/nodule rupture) [14, 15] .
Analysis of Factors That Affect the Treatment Result
In the initial pre-ablation US assessment, we evaluated the ultrasonographic findings of the nodule, including the site, composition, echogenicity, margin, shape, calcification, and vascularity of the nodule by reference to a previous multi-center study [20] . Image analyses were performed in consensus by two radiologists with 2 and 8 years of thyroid imaging experience. We also assessed the patient's age and the initial size (largest diameter) and volume of the nodule. At 6-month and 1-year intervals after RF ablation, Ultrasonography 35(3), July 2016 e-ultrasonography.org treated in one session of RF ablation (12/22, 54.5%), and the other 10 nodules required more than one session (2 sessions, n=9; 3 sessions, n=1). In the cases involving multiple treatment sessions, the second session was performed between 1 to 3 months after the initial procedure and the third session was performed 6 months after the initial session. There were no cases of recurrence or regrowth of the nodules.
Change in the Volume and Size of the Thyroid Nodule and VRR
Among the included patients, nine patients achieved a 2-year follow-up and the mean follow-up period was 3.6±4.8 months (range, 12 to 24 months) in all patients. The size and volume of the thyroid nodules significantly decreased from the initial US findings ( Table 1 ). The size decreased from 3.9±1.1 cm before ablation to 2.6±0.9 cm and 2.3±0.8 cm at the 6-month and 1-year followup examinations, respectively (n=22, P<0.001). The volume also decreased significantly from 14.3±13.4 mL before ablation to 4.7±6.3 mL and 3.6±4.8 mL at the 6-month and 1-year followup examinations, respectively (n=22, P<0.001). The nine patients with a 2-year follow-up examination showed a marked decrease in volume (3.3±2.6 mL) and size (2.2±0.7 cm) of the nodules. The mean VRRs at 6 months and 1 year were 66.1±18.7% (range, 17.3% to 89.9%) and 74.3±16.7% (range, 25.0% to 92.8%), respectively. The therapeutic success rate was 81.8% (18/22) at 6 months and 90.9% (20/22 ) at 1 year after ablation (Fig. 1 ).
follow-up US examinations were performed along with clinical examinations. Changes in the size and the volume reduction rate of the nodules were described and the VRR was determined. The VRR was calculated as follows: VRR (%)=[(Initial volume-Final volume)×100]/Initial volume. Therapeutic success rate was defined as a >50% volume reduction at each follow-up US examination [11, 15] . Recurrence and/or regrowth of the nodule was defined as a >50% volume increase compared with the findings of previous US examinations [11, 21] . We also evaluated treatment-related findings including the delivery energy, running time, number of sessions, and complications related with the procedure. Treatment-related US findings such as the presence of an undertreated area and post-procedural vascularity of the nodule were also determined immediately after the ablation and during the follow-up examinations.
Statistical Analysis
All statistical analyses were performed using commercially available software SPSS ver. 21.0 (IBM Co., Armonk, NY, USA). Paired t tests were used to compare the size and volume of the nodule before RF ablation and at the 6-month and 1-year follow-up examinations. We compared factors that could affect the treatment result between the therapeutic success group and the non-success group. The MannWhitney test was used for continuous variables (initial volume and size of the nodule, patient's age, delivery energy, and running time) and Fisher exact test was used for other categorical data, including the internal factors related to the nodule and the external factors related to RF ablation. We also correlated the above factors with the VRR at 6 months and 1 year using a two-sample t test. A value of P<0.05 was considered to indicate statistical significance.
Results
Most of the patients (17/19, 89.5%) received RF ablation for one nodule, and the other two patients received treatment for two and three nodules. Among the 22 treated nodules, 12 nodules were Values are presented as number or mean±SD (range). VRR, volume reduction ratio. Fig. 1 . Changes in the volume of the thyroid nodules and volume reduction ratio (VRR). Graph shows that the mean volume of benign thyroid nodules is markedly decreased after radiofrequency ablation on the 6-month and 1-year follow-up ultrasonography. significance (P=0.443 in 6-month and P=0.366 in 1-year). Other internal factors were not significantly correlated with VRR (P>0.05). Among external factors, the presence of an undertreated area, post-procedural vascularity of the nodule after treatment, and the number of sessions were significantly correlated with therapeutic success at 6 months after ablation. However, none of these factors showed a significant correlation with therapeutic success at 1 year after ablation (Table 3 ). At the 6-month follow-up, VRR was
Analysis of Factors That Affect the Treatment Result
Among the internal factors, only the nodule margin was correlated with therapeutic success at 1 year after ablation (P=0.026) ( Table  2) . Most of the successfully ablated nodules showed well-defined margins on initial US examination (18/20, 90%). In addition, the nodules with ill-defined margins showed a tendency of low VRR at the 6-month follow-up (mean, 0.5±0.3 vs. 0.7±0.1) and the 1-year follow-up (mean, 0.6±0.3 vs. 0.8±0.1), but there was no statistical 
Complications
We assessed the clinical symptoms and the US findings during RF ablation, including severe pain, voice changes, hematoma, skin burns, and nodule rupture. There were no minor and major complications in the patients included in the study. During RF ablation, most of the patients complained of mild local pain and a tolerable heating sensation in the neck. All of these patients improved without sequelae. No patient experienced life-threatening or delayed complications during the follow-up period.
Discussion
Thyroid nodules are very common and may be observed with US in 50% of the adult population; however, less than 7% of thyroid nodules are malignant [22] . Most thyroid nodules are benign, but some symptomatic nodules require treatment. Surgical excision and levothyroxine medication are the traditional treatment procedures for benign thyroid nodules; however, non-surgical, minimally invasive techniques have been proposed to solve many of the drawbacks of surgery and medication [4, 5, 8, 10] . Non-surgical treatments such as ethanol ablation, laser ablation, and RF ablation have been reported over the last 20 years. Among these methods, RF ablation is the most recently proposed alternative treatment for solid thyroid nodules. RF ablation is effective in reducing nodule volume by 33%-58% at 1 month and 51%-92% at 6 months after the procedure [4] [5] [6] [7] [8] [9] [10] . Lim et al. [11] described a VRR of 93.5% at 49 months after the procedure, which was the longest follow-up duration ever reported for this procedure. RF ablation has been used to treat benign thyroid nodules and has yielded good results compared with surgery. Bemardi et al. [23] compared the efficacy, tolerability, and costs of RF ablation with those of surgery. Their findings showed that RF ablation was sufficiently effective for treating nodulerelated clinical problems, although surgery was more effective for treating huge nodules and autonomously functioning nodules. One of the strengths of the surgical approach is that it allows a final pathologic diagnosis. The authors found that the majority of the unrevealed thyroid carcinomas during two fine-needle aspiration procedures prior to the RF ablation were microcarcinomas (5/6, 83%). Moreover, in recent studies, RF ablation showed high efficacy and safety in patients with bilateral benign thyroid nodules or autonomously functioning thyroid nodules [12, 13] . In our study, the mean VRR was 66.1% and 74.3% at the 6-month and 1-year follow-up, respectively. The results of our study showed that RF ablation induced significant reduction in nodule volume compared with previous studies [4] [5] [6] [7] [8] [9] [10] [11] . We evaluated both the internal factors (ultrasonographic findings) and the external factors (treatment-related findings). We found that the treatment efficacy of RF ablation was affected by three external factors at 6 months and the margin of the nodule at 1 year after the procedure. The presence of an undertreated area, the postprocedural vascularity of the nodule, and the number of sessions were correlated with therapeutic success at the 6-month followup, but these factors showed no statistical significance in the therapeutic success and the VRR at 1 year after the procedure. Therefore, we determined that these external factors that depended on the clinicians were not actual predictive factors. Several studies have found that initial volume and initial solidity of the nodule were strong predictors of treatment response [5, 8, 11] . In this study, however, the margin of the nodule was the sole significant predictor of therapeutic success at the 1-year follow-up. There were four ill-defined nodules in our study and therapeutic success could not be achieved in two of them at the 1-year follow-up. These two nodules were found in one patient who received multi-session RF ablation for two conglomerated nodules and another single nodule. Treatment for the two conglomerated nodules was not successful e-ultrasonography.org (Fig. 2) . In this study, we defined a part of the poorly demarcated margin in which the tumor cannot be discriminated from the normal parenchyma as an ill-defined margin [20] . Moreover, to minimize the marginal recurrence, we used the moving-shot technique to improve the efficacy of thyroid RF ablation [24] . Therefore, we hypothesized that an ill-defined margin would be predictive of treatment failure due to incomplete ablation caused by a poor demarcation between the nodule and normal tissue. On the other hand, a well-defined margin allows complete ablation around the boundary of the nodule, increasing the likelihood of successful treatment. Baek et al. [25] have reported the factors that may reduce the efficacy of RF ablation. The tissue temperature during the procedure, the heterogeneity, and the blood flow in the target nodule must be carefully considered to ensure therapeutic success. In a recent study, Gambelunghe et al. [26] demonstrated that the effectiveness of laser ablation can be predicted by nodule morphology. Welldefined nodules tended to show a better response to treatment in comparison with conglomerated nodules at 12 months after laser ablation. The authors hypothesized that the increased vascularity of nodular conglomerates, which could favor the dispersion of the heat supplied with the laser fiber, might explain their results. Like in these studies, the increased blood flow in the conglomerated nodule might have been responsible for our results. Although a small number of cases showed ill-defined margins with conglomeration in our study, such nodule-related findings could predict treatment efficacy. To our knowledge, we are the first to identify nodule margin as a predictive factor of treatment efficacy. Therefore, we believe that this is an important finding. Fig. 2 . C. On 1-month follow-up ultrasonography after the ablation, the nodules are slightly decreased in volume and size, with the volume reduction ratio of the superficial nodule being 36% and that of the deep nodule being 23%; thus a second session of radiofrequency ablation was performed for these nodules. D. On 1-year follow-up ultrasonography after the ablation, superficial and deep nodules show a greater decrease in volume (43% and 25%, respectively), but they do not achieve a volume reduction ratio of more than 50%; thus the therapeutic success criteria are not satisfied in this patient.
D C
Our study had several limitations. First, this study had a retrospective design with a small sample size and short-term followup periods. For this reason, we found that the nodule margin was not significantly correlated with VRR. However, the current study is only preliminary research in preparation for a future prospective study that we are planning, based on the current study, but with a larger patient population. Our next challenge will be to collect sufficient evidence to confirm the hypotheses. Second, symptomatic and cosmetic scores were not evaluated in this study. However, these clinical complaints are correlated with volume reduction of the nodule according to previous studies. Baek et al. [8] have described a volume reduction ratio of 79% at 6-months after RF ablation, which is similar to the findings we obtained at the 1-year follow-up. In their study, both symptomatic and cosmetic scores were better than those in the control group. Concurrently, among the patients in our study, there were no complaints associated with cosmetic problems in the follow-up period.
In conclusion, RF ablation was effective in decreasing the volume of benign thyroid nodules without complications. Internal factors such as the margin of the nodule can be helpful in predicting therapeutic success. Clinicians should pay particular attention to thyroid nodules with ill-defined margins during RF ablation. 
